Body fat percent (BF%) was measured in 108 adult Chinese, 76 Malays, and 107 Indians in Singapore by densitometry, deuterium oxide dilution (hydrometry), dual energy x-ray absorptiometry (DXA) and a chemical four-compartment model (BF%4c). The hydration of the fat-free mass (FFM) was calculated. Subjects ranged in age from 18 to 69 years and their body mass index ranged from 16 to 40 kg/m 2 . BF%4c for the various subgroups were: Chinese females (33.5 ± 7.5%), Chinese males (24.4 ± 6.1%), Malay females (37.8 ± 6.3%), Malay males (26.0 ± 7.6%), Indian females (38.2 ± 7.0%) and Indian males (28.1 ± 5.5%). Biases were found between BF%4c and BF% measured by 2-compartment models (hydrometry, densitometry, DXA), with systematic underestimation by DXA and densitometry. On a group level hydrometry had the lowest bias while DXA gave the highest bias. When validated against BF%4c, 2-compartment models were found to be unsuitable for accurate measures of body fat due to high biases at the individual level and the violation of assumptions of constant hydration of FFM and density FFM among the ethnic groups. On a group level the best 2-compartment model for measuring body fat was found to be hydrometry.
Introduction
Body composition can be measured at various levels, ranging from atomic, molecular, cellular, tissue to whole body level [1] . One of the components of body composition that has always attracted interest is body fat. Various methods can be used to measure or to assess the amount of body fat [2] . Historically densitometry (underwater weighing), dilution techniques (like deuterium oxide, tritium oxide, or 18 O labeled water) and 40 K-counting have been used as reference techniques, densitometry being the most popular. Assessment methods like skinfold thickness measurements and bioelectrical impedance are most suitable in population studies, where the large number of subjects limits the expensive and laborious use of the before mentioned reference techniques [2 ,3] .
All body composition methods rely on assumptions. For the reference methods these assumptions are based on chemical analyses of a few (Caucasian) carcasses only, performed in the 1940s. Assuming that the body consists of two distinct compartments, a fat mass (consisting of triglycerides only) and a fat-free mass (chemically consisting of water, protein, minerals, and a negligible amount of carbohydrates), the assumption for densitometry is a constant density of the fat-free mass and the fat mass [4] . For dilution techniques it is assumed that the hydration of the fat-free mass is constant at 73% and for 40 K-counting it is assumed that the potassium concentration in the fat-free mass is constant. There are indications in the literature that assumptions may differ between age, gender, and ethnic groups [5, 6] . Using incorrect assumptions leads to systematic bias.
Combination of techniques, like dual energy x-ray absorptiometry (DXA), deuterium oxide dilution, and densitometry, enables the use of more-compartment models of body composition [7] . More-compartment models allow the measurement of composition (in terms of water, protein, and minerals) and density of the fatfree mass and are used to test the validity of assumptions used in simpler two-compartment models. The aim of this study was to validate deuterium oxide dilution as a relatively simple technique to determine body fat percent (BF%) in the three main ethnic groups in Singapore.
Subjects and methods
During the1998 National Health Survey (NHS), 300 of the 4,700 subjects were invited to participate in a body composition study [8] . They fulfilled the inclusion criteria which included an age range of 18 to 69 years, a wide range of body mass index with representation from the various gender and ethnic groups (Chinese, Malays, and Indians). Of the final participants who underwent all measurements108 were Chinese, 76 were Malays and 107 were Indian (table 1). The study was approved by the National Medical Research Council of Singapore.
Body height (0.1 cm) without shoes and body weight (0.1 kg) with subjects wearing only a swimsuit was measured and body mass index (BMI, kg/m 2 ) was calculated as weight divided by height squared.
Total body water (TBW) was determined using deuterium oxide dilution [9] . An accurately weighed dose of 10 to 15 g deuterium oxide was taken orally by the subjects. After 2.5 to 3 hours dilution time, a 10 ml venous blood sample was drawn. Plasma was separated and stored at -20°C until analysis. Deuterium was determined by infrared spectroscopy after sublimation of the plasma. TBW (kg) was calculated using a 0.95 correction factor for non-aqueous dilution of deuterium [9] . From TBW, body fat percent (BF%) was calculated as 100 × (weight-tbw/0.73)/weight. Body density was derived from air displacement plethysmography (BODPOD®, Body Composition System, Life Measurement Instruments, Concord, Calif., USA) and body volume was calculated. A concise description of the principles of the air displacement plethysmography is provided by Sardinha et al. [10] . From density BF% was calculated using Siriís formula [11] . Bone mineral content (BMC) was measured using a Hologic whole body dual energy x-ray absorptiometer (QDR-4500, Hologic, Waltham, Mass., USA; software version V8.23a:5). The Hologic software also provides a measure for soft tissue and BF%.
BF% was also calculated using the four-compartment model as described by Baumgartner et al. [12] :
where BV= body volume, TBW = total body water, M = total body mineral and BW = body weight. Fat-free mass (FFM, kg) was calculated as BW (kg) -fat mass (FM, kg). The water fraction of the FFM was calculated as TBW/FFM. All methods are described in more detail elsewhere [13] . Statistical analyses were performed using SPSS for Windows [14] . The bias of BF% from two-compartment models (densitometry, hydrometry, and DXA) compared to BF% from four-compartment models was calculated and tested against zero with one sample ttest. The hydration of the FFM was tested against the assumed value values (one sample t-test). Differences between sex and age groups were tested using ANOVA. Bland and Altman plots [15] were constructed and the correlation between bias and BF% and age was calculated. Values are expressed as mean ± SD unless otherwise stated. Significance is set at p < .05. Table 1 gives some characteristics of the subjects by gender and ethnic groups. As expected males were taller and heavier than females. Malays and Indians had significantly higher BMIs than the Chinese. Table 2 presents BF% from density, deuterium oxide, DXA, and four-compartment model for males and females. The underestimation of BF% from density and from DXA in females was observed in all three ethnic groups ( fig. 1 ). In males the underestimation of BF% from density was most obvious in Indians and Malays, whereas in Chinese the bias of BF% from density was not significant. BF% from DXA was significantly The hydration of the fat-free mass in all gender and ethnic groups was close to the assumed value of 0.73 ( fig. 2 ) except for Chinese and Indian males where there is a slight but significant difference from the assumed value. The small differences in hydration fraction result in systematic bias of BF% from deuterium oxide dilution, but the bias is small (in all groups less than 1 percent point) and hardly biologically relevant ( fig. 1) .
Results
In all gender and ethnic groups the bias of BF% from deuterium oxide is much smaller than that of BF% from body density or from DXA ( fig. 2 ) and is not dependent on the level of body fatness or age ( fig. 3 ).
Discussion
In this body composition study Malay and Indian males and females had higher BMIs (table 1) than their Chinese counterparts. This is in accordance with the findings from the general NHS [16] in which a representative sample of the Singapore population participated.
The results of this study confirmed concerns in the literature that many assumptions normally used in body composition techniques that were extracted from chemical analyses of a few Caucasians carcasses only, are not valid across ethnic groups. It is known that the chemical composition of the FFM differs across ethnic groups [5, 6, 13, 17] and this has consequences for the validity of the assumption that the density of the FFM is constant at 1.1 kg/L. For the three ethnic groups in Singapore it can be calculated that the density of the FFM exceeds 1.1 kg/L, resulting in an underestimation of BF% when using Siri's formula [13] . Surprisingly the hydration fraction of the FFM is a relatively constant ( fig. 2 ) and in all six gender and ethnic groups very close to the generally assumed value of 0.73 [18] . Consequently the bias in BF% when using deuterium oxide dilution alone in a two-compartment model of body composition is small ( fig. 1 ). It did not exceed Validity of deuterium oxide dilution for the measurement of body fat among Singaporeans one percent point of body fat percent in any of the groups. Also, the bias of BF% from deuterium oxide was not dependent on level of BF% and not dependent on age ( fig. 3 ).
The overall good validity of BF% from deuterium oxide dilution makes the technique a suitable reference method for body fat percent among adult Singaporeans of Chinese, Malay, and Indian ethnic backgrounds. In addition, the method is 'portable' and does not require much cooperation of the subjects (in contrast to densitometry) and is less expensive and less laborious than the use of a four-compartment model. 
